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or those lymphoma patients who fail to achieve a cure,
innovative therapy is needed. Since the original description
of â€˜31I-Lym-ltherapy for a patient with Richter's lymphoma
tous transformation of chronic lymphocytic leukemia (CLL)
(1), the potential of radiolabeled antibodies for therapy of
hematologic malignancies has been confirmed (2â€”11).Lym-1,
a monoclonal antibody (MoAb) that preferentially targets
malignant lymphocytes, has induced therapeutic responses
and statistically significant prolongation of survival in
patients with non-Hodgkin's lymphoma (NHL) when la
beled with 1311(12). 1311has been the primary radionucide
used for radioimmunotherapy (Rif), because it is inexpen
sive, widely available and readily incorporated into proteins.
However, 1311has other characteristics that limit its use for
IUT. The abundant high-energy gamma radiations of 1311
increase the radiation exposure to medical personnel com
pared to other candidate radionuclides (13). Additionally,
clearance of radioiodine from tumors can reduce the radia
tion dose (14). For these reasons, there is strong interest in
other radionuclides for RIT.

67Cu has excellent properties for lilT. Its 62-h physical
half-time is appropriate for the uptake and residence time of
many antibodies on tumors (15). 67Cu emits abundant beta
particles of moderate energy (mean 141 keY, emas577 keY),
useful for therapy, and gamma photons (185 keV, 47%; 93
keV, 17%), useful for pretherapy imaging studies. The
microdosimetry characteristics of 67Cu are similar to those
of 1311(16). Unlike some radiometals, 67Cu has no identified
biochemical pathways for deposition in skeleton or bone
marrow (17). Patients receiving relatively high doses of 67Cu
can be treated as outpatients.

To develop the potential of 670j for RJT, the macrocycic
chelating agent 1,4,7,11-tetraazacyclotetradecane-N,N',Nâ€•,Nâ€•-
tetraacetic acid (TEFA) was designed specifically to bind copper

Lym-1, a monoclonal antibody that preferentially targets malig
nantlymphocytes,hasinducedtherapeuticresponsesandpro
longed survival in patients with non-Hodgkin'slymphomawhen
labeled with 1311Radiometal-labeledantibodies provide higher
tumor radiation doses than corresponding 1311antibodies. 67Cu
hasanexceptionalcombinationofp@de@rab@forradIoimmu
notherapy, including gamma and beta emis@onsfor imaging and
therapy, @spec@ve@y,a bkxompath@ half-timeand absence of
pathwayscontributhgto myektodcfty.The radlolmmunoconjugate,
Â°@Cu-2lT-BAT-Lym-1, hasbeenshownto beefficaciousinnudemk@e
bearing human Burkitt@slymphoma (Raji) xenografts. Based on
these results, a clinical study of the pharmacokinetics and
dosimetryof67Cu-21T-BAT-Lym-1in patientswith lymphomawas
initiated. Methods: Eleven patients with advancedstage 3 or 4
lymphomawere given a preloaddose of unmodifiedLym-1, then
an imagingdose of 126â€”533MBq (3.4â€”14.4mCi)67Cu-21T-BAT
Lym-1. Total Lym-1 ranged from 25 to 70 mg dependenton the
specificactivityof the radioimmunoconjugateand was infusedat
a rate of 0.5â€”1mg/mm.Imaging,physicalexamination,including
calipermeasurementof superficialtumors,andanalysisof blood,
unne and fecal samples were performedfor a period of 6â€”13 d
after infusion to assess pharmacokinetics,radiation dosimetry,
toxicity and tumor regression. Results: In 7 patients, in whom
superf@ tumorshadbeenaccurate@measured,tumorsregressed
from 18%to 75%(mean48%)withinseveraldaysof Â°@Cu-2lT-BAT
Lym-1infusion.TheuptakeandbioIogk@alhalf-timeof @Cu-2lT-BAT
Lym-1intumorsweregreaterthanthoseofnormaltissues,exceptthe
meanlwerhalf-limeexceededthe meantumorhalf-lime.The mean
tumor-to-marrowradiationratiowas 32:1, tumor-to-totalbody was
24:1andtumor-to-liverwas 1.5:1.Imageswereofvery goodquality;
tumorsandnormalorganswerereadilyidenbfied.Mildandtransient
Lym-1toxicityoccurredin 6 patients;1patientdevelopeda human
antimouseantibody.There were no significantchanges in blood
counts or serum chemistries indicative of radiation toxicity.
ConclusIon:BecauseofthelongresidencetimeofÂ°7Cu-2lT-BAT
Lym-1 in tumors, high therapeutic ratios were achieved and,
remarkably, numerous tumor regressions were observed after
imaging doses. The results indicate considerable therapeutic
potentialfor Â°7Cu-2lT-BAT-Lym-1.

ReceivedMar.24,1998;revisionacceptedJul.10,1998.
Forcorrespondenceor reprintsContact:SallyJ. DeNardo,MD,Sectionof

Radiodiagnosis/Therapy,MolecularCancer Institute, 1508 Alhambra Blvd.,
#3100, Sacramento, CA 95816.

302 THE JOURNALOF NUCLEARMEDICINEâ€¢Vol. 40 â€¢No. 2 â€¢February 1999

67Cu-21T-BAT-Lym-1 Pharmacokinetics,Radiation
Dosimetry, Toxicity and Tumor Regression in
Patients with Lymphoma
Sally J. DeNardo, Gerald L. DeNardo, David L. Kukis, Sui Shen, Linda A. Kroger, Diane A. DeNardo,
Desiree S. Goldstein, Gary R. Mirick, Qansy Salako, Leonard F. Mausner, Suresh C. Srivastava and Claude F. Meares

Department ofinternal Medicine, University ofCalzfornia Davis Medical Center@ Sacramento; Department of Chemistry,

UniversÃ¼y of California, Davis, Sacramento, California; and Brookhaven National Laboratory, Upton, New York



AnnArborBodyBloodÂ°7CuLym-1TumorAge
Sex Histology stageweight (kg)volume (L)(MBq)(mg)regression* (%)

*Decrease insum of L x Wof allsuperficialtumors measurable using caliper.
L, low grade;FSC = follicularsmallcleaved;CLL = chroniclymphocyticleukemia;FM = follicularmixed;SL = small lymphocytic;I,

intermediategrade;DL = diffuselarge; FL = follicularlarge; DSC = diffusesmall cleaved;NM = not measured;mixed = one node
disappearedandanothernodeappeared.

I mGy/MBq=3.7rads/mCi.

rapidly and selectively for conjugation to MoAbs (18). The
radioimmunoconjugate, 67Cu-2IT-BAT-Lym-1, is prepared
by conjugating the bifunctional TETA derivative BAT to
Lym-1 via 2-iminothiolane (211'), then labeling with 67Cu.
Under well-characterized conditions, 67Cu-2IT-BAT-Lym-1
is preparedwith exceptionalstability,high specificactivity
and complete retention of structural and functional integrity
in product yields comparable to iodination of MoAbs
(19,20). Nude mice bearing human Burkitt's lymphoma
(Raji) xenografts treated with 67Cu-21T-BAT-Lym-l achieved
high rates of response and cure with modest toxicity (21).

Based on the promise of 67Cu-21T-BAT-Lym-l for RIT,
we examined the pharmacokinetics, radiation dosimetry,
toxicity and tumor regression in 11 lymphoma patients who
received imaging doses of 67Cu-2IT-BAT-Lym-1.

MATERIALSAND METHODS

Patients
Elevenpatientswithdocumentedstage3 or4 B-celllymphoma,

10NHLand1CLL,enteredthestudy(Table1).Fourpatientswere
men, 7 were women and the average age of the patients was 54 y
(range 37â€”71y). According to the working formulation of NHL for
clinical usage, 5 patients (including one CLL) had low-grade and 6
had intermediate-grade lymphoma. Lym-l reactivity was docu
mented on all of the patients. Two patients had splenectomies, 5
others had enlarged spleens and 2 patients (including one CLL) had
circulating malignant cells reactive with Lym-l. Four patients had
marrow malignancy. Mean body weight and theoretical blood
volume Â±1 SD of the patients were 74 Â±9 kg (range 57â€”89kg)
and 5.0 Â±0.6 L (range 3.9â€”6.0L), respectively. Mean body surface
area of the patients was 1.8 Â±0.2 m2(range 1.6â€”2.1m2).

StudyDesign
Eleven patients with histologically documented lymphoma of

immunophenotypical B-cell type with measurable lymphomatous
disease, including at least one lesion of 2 cm or greater diameter,
were entered into a nonrandomized study designed primarily to

assess the pharmacokinetics and radiation dosimetry of 67Cu-21T-
BAT-Lym-l. Patients were eligible if their prestudy human anti
mouse antibody (HAMA) assay was negative, iftheirliver function
tests were normal and if they had not previously received MoAb.
Patient evaluation was required before entry and at 3 d after
injection of67Cu-21T-BAT-Lym-lat a minimum. Patients had to be
off chemotherapy for at least 4 wk and to have no treatment toxicity
greater than grade 1 by World Health Organization (WHO)
standards at entry. Before study entry, all patients signed an
informed consent that was approved by the University of California
at Davis Human Subjects and Radiation Use Committees under an
Investigational New Drug authorization from the US Food and
Drug Administration (FDA). All patients were cared for in an
ambulatory center and did not require hospitalization.

Pharmaceutical
Lym-l (Techniclone,Inc.,Tustin,CA, orDamonBiotechnology,

Needham Heights, MA) is an IgG2a mouse MoAb with high
affinity against a discontinuous epitope on the @1chain of the
HLA-DR antigen located on the surface membrane of malignant
B-lymphocytes (22,23). Lym-l has antibody-dependent cellular
cytotoxicity (ADCC) and complement dependent cytotoxicity
(CDC) against Raji human lymphoma cells in vitro but little
effectiveness in vivo (24). The hybridoma was generated by fusion
ofsplenic lymphocytes from mice that were immunized with nuclei
of cultured Raji cells that originated from a patient with Burkitt's
lymphoma (23). Lym-l was specified as greater than 95% pure
monomeric IgG by polyacrylamide gel electrophoresis and met
FDA mouse MoAb production (MAP) guidelines for murine viral,
mycoplasma, fungal and bacterial contamination, endotoxin, pyro
gen and deoxyribonucleic acid content and general safety testing in
animals.

Theimmunoconjugate21T-BAT-Lym-lwaspreparedbyconju
gating 6-[p-(bromoacetamido)benzyl]-TETA (BAT) to Lym-l via
2ff (SigmaChemicalCo.,St.Louis,MO) (20). Fiveconjugations
were performed in 0.1 M tetramethyl ammonium phosphate, pH
8.7â€”9.0,at37Â°Cfor30â€”60mm.ThefinalconcentrationsofLym-l,
21T and BAT were 10.2â€”18.2mg/mL, 1.0â€”1.5mM and 2.0â€”4.0
mM, respectively. Centrifuged column filtration or 050 molecular

TABLE1
Synopsis of Pre- and Post-therapy Data in the 67Cu-2lT-BAT-Lym-1Study

43FL(FSC)4795.3163565763FI(DL)4573.914447NM48FL(CLL)4896.012655NM66FL(FM)4724.912641mIxed71ML

(SL)4664.538528NM64MI
(FL)4825.5370335141FI
(DSC)4825.5396333550MI
(DL)4724.9470701837MI
(FL/DSC)4825.6477706158FL(FSC)3624.3474387553FI

(DL)4704.75332542
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sieving chromatography (Sigma) were used to purify and transfer
21T-BAT-Lym-lto 0.1 M ammonium citrate, pH 5. The chelate-to
antibody ratios of 21T-BAT-Lym-l, assayed by cobalt binding,
rangedfrom1.I to3.0.Theseratioswereassociatedwithlittleorno
change in immunoreactivity or biodistribution relative to unmodi
fled Lym-1 (20).

Radiolabelings of 21T-BAT-Lym-lwith 67Cuwere performed by
previously described methods (19,25). Briefly, 67Cuin dilute HC1
(Brookhaven National Laboratory, Upton, NY, or Los Alamos
National Laboratory, Los Alamos, NM) was dried on a 70Â°C
heating block and 21T-BAT-Lym-lin 0.1 M ammonium citrate, pH
5, was added. The radiolabeling solution was incubated for 60 mm

at room temperature and 0. 1 M sodium ethylenediamine tetraac
etate (EDTA; Fisher Scientific, Pittsburgh, PA) was added to a final
concentration of 10 mM to scavenge nonspecifically bound 67Cu.
67Cu-2lT-BAT-Lym-lwas purified from 67Cu-EDTAand was trans
ferredto 0.9% sterilesalineby 025 molecularsievingchromatography
(Sigma). Purified 67Cu-21T-BAT-Lym-lwas formulated in 4%
human serum albumin (HSA)/saline at 37 MBq/mL (1 mCi/mL).

67Cu-21T-BAT-Lym-lwas examined by cellulose acetate electro
phoresis (CAE), molecular sieving high-performance liquid chro
matography (HPLC) and radioimmunoreactive assay (RIA). CAE
(Gelman Sciences, Inc., Ann Arbor, MI) was performed using 0.05
M sodium barbital buffer, pH 8.6. A current of 5 mA per strip was
applied. Samples were electrophoresed for 11 and 45 mm. At 11
mm, free chelates were resolved from 67Cu-21T-BAT-Lym-l. At 45
mm, monomeric and aggregated 67Cu-21T-BAT-Lym-I were re
solved. HPLC (Beckman 332; Beckman, Fullerton, CA) was
performed using a molecular sieving column (Beckman TSK
3000) eluted in 0.1 M sodium phosphate buffer, pH 7.1. The flow
rate was 1.0 mL/min. 67Cu-21T-BAT-Lym-l was detected by
ultraviolet (UV) absorbance at 280 nm (Beckman 166detector) and
radioactivity (Beckman 170 detector). Immunoreactivity of 67Cu
21T-BAT-Lym-lwas assessed by solid-phase RIA against partially
purified membrane fragments from Raji cells, as described previ
ously (20).

Antibody Infusion
A preload of 5 or 20 mg Lym-l sufficient to block nonspecific

binding sites and to provide stable pharmacokinetics was given
shortly before administration ofradioimmunoconjugate (11).Lym-l
in the preload and radioimmunoconjugate given to each patient
ranged from 25 to 70 mg and was infused at a rate ofO.5â€”lmg/mm
(Table I). 67Cu-21T-BAT-Lym-lwas designed to be given in
escalating amounts of 67Cu to avoid unanticipated radiation toxic
ity.

Toxicity
Vital signs were monitored at least every 15 mm before, during

and for 2 h after Lym-1 infusion. Subsequent monitoring was
performed on a less frequent schedule. Each patient had a serum
chemistry panel, including hepatic, renal and electrolyte tests, a
complete blood count and a HAMA assay before study entry, 3 d
after injection and about weekly thereafter. Hematologic toxicity
was graded according to the most abnormal value observed within
6 wk of the infusion. WHO criteria were used to classify data

except blood pressure changes, which were graded by the National
Cancer Institute's common toxicity criteria.

Quantitative assays for human antibodies reactive against Lym-l
(HAMA) or BAT (HABAT) were performed using enzyme-linked
immunosorbent assay (ELISA) methods previously described (26).
Lym-1 and 21T-BAT-HSAwere bound to ELISA plates for HAMA

and HABAT assays, respectively. Serum samples, horseradish
peroxidase conjugated goat antihuman IgG and peroxidase sub
strate were added in turn and the plate was read (Dynatech
Laboratories, Inc., Chantilly, VA) at 410 nm. Serum from an earlier
patient with HAMA was quantified for Lym-l antiglobulin and was
used as a positive standard in the HAMA assay. Serum from a
patient with an antimacrocycle response was used as a positive
standard in the HABAT assay (serum generously provided by Dr.
A.A. Epenetos, Hammersmith Hospital, London, England).

Radiation Dosimetry
Methods for obtaining pharmacokinetic data for 67Cu-21T-BAT

Lym-l have been previously described (25,27,28). Briefly, planar
images of conjugate views were acquired immediately, 4 h and
daily from 6â€”13d after infusion of 67Cu-21T-BAT-Lym-l.The
amount of 67Cu in organs and tumors was quantified using
geometric mean or effective point source methods depending on
whether the source object could be identified on both conjugate
views (27). These methods have been validated for quantifying
67Cuin the liver and spleen and tumors in an abdominal phantom
(29). Cumulated activity in tissues was obtained by fitting pharma

cokinetic data to a monoexponential function, except for the blood,
where a biexponential function was used. In 2 cases, cumulated
activity in the liver was fitted using a cubic spline function because
liver clearance could not be fitted with a monoexponential function.
Cumulated 67Cuwas converted to radiation dose using the Medical
Internal Radiation Dose (MIRD) Committee formula considering
radiation contributed from target and remainder of the body for all
organs except the marrow (30,31). The MIRD S values and
reference man masses (32) were used for all organs except for the
spleen. Patient-specific splenic doses were determined using actual
spleen volume measured by CT images because of the large
variation in spleen volumes of lymphoma patients (33). A total of
47 tumors were identified by 67Cu-21T-BAT-Lym-limaging of
which 28 tumors with masses 2 g were quantified to ensure the
accuracy of radiation dosimetry.

Radiation dose to tumors and bone marrow were of particular
interest, because this information relates to the therapeutic efficacy
and dose-limiting toxicity. The radiation dose to marrow was
calculated. Because radiation to the marrow is predominantly
nonpenetrating for 67Cu, the applicable MIRD formula (30) was
simplified to

D@01@D5@D@, Eq.l

where D10@is the total radiation dose to the red marrow,@ is the
marrow-to-marrow dose from nonpenetrating emissions and D@is
the total body-to-marrow dose from penetrating emissions. A
uniform distribution of 67Cuin the body was assumed to calculate
D@.By expanding the terms for@ and D@as previously described
(34), the equation became

D,@1= 0.25 Ab@fl@ + A@ Si,, Eq.2

where Ab@ is the cumulated activity in 1 mL of blood, A@1,is the
mean energy emitted per nuclear transition for nonpenetrating 67Cu
emissions, S@is the S value for penetrating total body-to-marrow
67Cuemissions and ATB @5the cumulated activity in the total body.
The multiplier 0.25 was used to account for the difference between
the specific activities of marrow and of circulating blood (34). The
Spvalue was obtained by subtracting the S value for nonpenetrating
emissions from the S value for both penetrating and nonpenetrating
emissions, taken from MIRD data (32,35).
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The radiation dose to marrow was also calculated by a second
method using lumbar marrow imaging (36). The uptake of 67Cu-21T-
BAT-Lym-l in three lumbar vertebrae was extrapolated to uptake in
total marrow, assuming that the red marrow mass in the three
lumbar vertebrae constituted 6.7% of total red marrow mass as
reported (37). The extrapolated value for cumulated activity in
marrow and the MIRD@ for nonpenetrating 67Cuemissions were
then used to calculate the radiation dose to marrow (32).

The radiation dose to tumor was calculated using Equation 1 to
calculate@ where@ was the tumor-to-tumor dose from
nonpenetrating emissions and D@was the total body-to-tumor dose
from penetrating emissions. The S,,@,value used to calculate@ was
the mean nonpenetrating energy emitted per transition divided by
tumor mass. The masses of palpable and nonpalpable tumors were
determined using calipers and CT or MR images, respectively. To
calculate D@,a uniform distribution of 67Cu in the body was
assumed and S@,was determined as previously described.

BloodClearance
Aliquots of blood samples obtained immediately after, 2â€”4h

after and daily from 6â€”13d after infusion of 67Cu-21T-BAT-Lym-l
were assayed in a gamma well-counter (Pharmacia LKB, Piscat
away, NJ) to obtain the concentration of 67Cu in the blood.
Cumulated 67Cuin the blood was obtained by fitting pharmacoki
netic data to a biexponential function. Plasma was examined by
molecular sieving HPLC as described earlier to assess (a) in vivo
stability of the 67Cu-21T-BAT-Lym-l,(b) formation of antigen/
antibody complexes and (c) transfer of 67Cuto other proteins.

Urine/Feces Clearance
During the course of each patient's imaging study, all urine was

collected for 4â€”10d from each of the patients and all feces was
collected for 4â€”8d from 6 patients. 67Cuwas quantitated in aliquots
of urine using a calibrated gamma well-counter and was then
multiplied by the measured urine volume to calculate daily output.
67Copperin the total daily fecal sample was determined using two
opposed, isoresponsive sodium iodide detectors (Picker Nuclear,
North Haven, CT) calibrated against 67Custandards for volume and
geometry.

RESULTS

Eleven patient doses were prepared from 10 lots of
67Cu-21T-BAT-Lym-1. HPLC indicated that 99% or more of
67Cuwas associated with 2IT-BAT-Lym-1. The mean percent

A

age of 67Cu-2IT-BAT-Lym-l in monomeric form (Â±1 SD)
was 99% (Â±2%) by CAE. The mean immunoreactivity was
88%(Â±11%)relativetounmodifiedLym-l. Smallamounts
of @Cuin 67Curadiometal were carried over as @Cu-2IT
BAT-Lym-1 in some radioimmunoconjugates but at activi
tiestoo low to contributesignificantlyto dosimetry(28).
67Cu-2IT-BAT-Lym-l given to a 12th patient was prepared
by a different method. Although the pharmacokinetics and
dosimetry data were, in many respects, similar to those of
the 11 patients reported here, the data for the 12th patient
were not included in the analysis.

The blood clearance of 67Cu-21T-BAT-Lym-1 was similar
in most patients with a flattening of the slow or @3phase.
Molecular sieving HPLC of plasma up to 13 d after infusion
suggested good stability of 67Cu-21T-BAT-Lym-1 in vivo.
HPLC revealed no evidence of a change in molecular weight
of67Cu carrier protein in the plasma, indicating no formation
of complexes or transfer of 67Cu to proteins of molecular
weight different than Lym-l (i.e., albumin or transferrin).

There was almost no 67Cu in the initial 2-h urine samples,
confirming the absence of free 67Cu-BAT in the radioimmu
nopharmaceutical. Cumulative urine clearance of 67Cu for
each patient was modest and was similar to the reciprocal of
total body 67Cu determined by imaging. Mean cumulative
urine 67Cu was 32.7% injected dose (%ID) (range 16.1â€”60.9
%ID) for collection intervals (mean 6.5 d, range 4â€”10d).

Cumulative fecal 67Cu was small in amount (mean 3. 1 Â±1.8
%ID, range 1.4â€”6.9%ID).

Planar and SPECT images were of very good quality, and
tumors and normal organs were readily identified (Figs.
1â€”3).Uptake in tumors was usually apparent on images
obtained immediately (within 0.5 h) after infusion, reached a
maximum quantitatively at 1â€”3d and, when corrected for
physical decay, was remarkably constant thereafter (Table 2,

Fig. 4). By imaging, the mean peak tumor concentration was
0.046 Â±0.021 %ID/g (range 0.003â€”0.094%ID/g) and was
not influenced by splenic size. For 5 patients whose spleens
ranged from 310â€”823mL, mean peak tumor concentration
was 0.041 Â±0.014 %ID/g (range 0.019â€”0.060 %ID/g),
whereas it was 0.049 Â± 0.023 %ID/g (range 0.02 1â€”

FIGURE1. Planaranteriorimage(left)of
chestwith armsabductedobtained2 d after
infusion of 477 MBq (12.9 mCi) Â°7Cu-21T-
BAT-Lym-1revealsbilateralaxillaryandcer
vical adenopathy (arrows). Transverse
SPECT (right) through the upper chest
(1.9-cmsection)obtained2 d after infusion
of 67Cu-2IT-BAT-Lym-1shows bilateralaxil
lary adenopathy (arrows). A = right; L =
left;A = anterior;P = posterior.p

R
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FIGURE2. Planaranteriorimage(left)of
pelvis obtained 1 d after infusion of 163
MBq (4.4 mCi)67Cu-2IT-BAT-Lym-1reveals R
bilateral ileofemoral adenopathy (arrows).
Transverse SPECT (right) through inguinal
regionof pelvis (1.9-cmsection)obtained 1
d after infusion of 67Cu-2lT-BAT-Lym-1
shows the left femoral adenopathy (bold
arrow, matches arrow on planar image).
A = right; L = left; A = anterior; P =
posterior.

0.078 %ID/g) for 6 patients whose spleens ranged from 238
to 0 mL (splenectomy). Small amounts of 67Cu in the
gastrointestinal tract could be observed in some images by 2
d. Among the patients, biological half-times and radiation
dosesperunitof administered67Cuwereremarkablysimilar
for a specific normal tissue but were more variable for
tumors (Tables 3 and 4). The biological half-times of
67Cu-21T-BAT-Lym-l in tumors were greater than those of
normal tissues except for the liver half-time (Table 3). The
mean biological half-time in tumors was 2.3 times longer
than that in lungs, a representative normal tissue. The
prolonged biological clearance of 67Cu-21T-BAT-Lym-l in
total body was due to retention in the liver and tumors. The
biological half-time of 67Cu in the marrow using the imaging
method was variable, reflecting possible uptake by malig
nant cells in the marrow (Table 3). Radiation doses to tumor
were higher than those to all normal tissues (Table 4). The
mean radiation doses to tumor, marrow, total body, lung and

p

R

FIGURE3. Planaranterioraxillaryimageobtained1 d after
infusionof 126MBq(3.4mCi)67Cu-2lT-BAT-Lym-1with rightarm
abducted reveals axillary and supraclavicularadenopathy (ar
rows).A = right; L = left.
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liver were 2.4, 0.2, 0.1, 0.5 and 1.6 mGyIMBq (8.9, 0.7, 0.4,
1.9 and 5.9 rad/mCi).

The mean marrow radiation dose, calculated as the sum of
penetrating radiation from body and nonpenetrating radia
tion from blood, was 0.08 mGy/MBq (0.3 rad/mCi). The
mean marrow radiation dose, obtained by lumbar vertebrae
imaging, was 0.17 mGyIMBq (0.6 rad/mCi). When the
imaging method was used, marrow radiation doses were
higher and more variable than those obtained by the body
and blood method (Table 5), reflecting that the latter method
does not account for radiation from targeting of marrow
lymphoma(34,36).Thedifferencesbetweenpairedmarrow
data for each of the patients were significant (P = 0.04)
when we used the Wilcoxon signed-rank test. The mean
tumor-to-marrow radiation dose ratio was 32: 1 (range 4.3:1
to 74.7: 1) based on marrow radiation obtained by the body
and blood method.

Toxicity was categorized as related to Lym-1 or to 67Cu
radiation effects. Lym-1 toxicity occurred with 55% (6 out of
11) ofLym-1 doses and consisted ofgrade 1â€”2fever, grade 2
nausea/vomiting, grade 1â€”2rash, grade 1 tachycardia and
grade 2 hypotension. The symptoms were mild and tran
sient. One patient developed HAMA, but HABAT did not
occur in any patient. There were no significant changes in
blood counts or serum chemistries indicative of radiation
toxicity.

Soon after the imaging dose of 67Cu-21T-BAT-Lym-1, all
7 of the patients in whom superficial tumors had been
accurately measured using calipers showed tumor regression
(decrease in the sum of length, L, times width, W) that
ranged from 18% to 75% (mean 48%); tumor regression was
observable within days and usually reached a maximum
within a week after 67Cu-21T-BAT-Lym-1.

DISCUSSION

67Cu was first advocated for Rif in 1983 by DeNardo and
DeNardo (38) in consideration of the radionuclide's excep
tional combination of desirable physical and biochemical
properties. 67Copper emits beta particles similar to those of
131! for therapy and gamma photons similar to those of @mTc



Immediate(T0) Peak

%ID %ID/g %ID %lD/gTime
to

peak(d)Liver

(1809g)* 27.70Â±9.20 0.015Â±0.005 36.10Â±9.960.020 Â±0.0061.04 Â±0.72(14.10
â€”47.40) (0.008â€”0.026) (21.0 â€”59.7)(0.012 â€”0.033)(0.2 â€”3)Spleen

(140â€”823g)t 6.14 Â±2.85 0.020 Â±0.012 6.93 Â±2.930.024 Â±0.0140.25 Â±0.29(3.23
â€”12.0) (0.005â€”0.040) (3.60â€”12.0)(0.005 â€”0.046)(0 â€”1)Lung

(999g)* 12.60Â±3.45 0.013Â±0.004 12.60Â±3.450.013 Â±0.0040(7.0
â€”18.10) (0.007â€”0.018) (7.0 â€”18.10)(0.007 â€”0.018)Kidney

(284g)* 2.95 Â±0.94 0.010Â±0.003 3.37Â±1.160.012 Â±0.0040.26 Â±0.38(1.89
â€”4.39) (0.007â€”0.015) (2.10â€”4.93)(0.007 â€”0.017)(0 â€”1)Tumor

(4â€”424g)4 0.94Â±1.45 0.027Â±0.020 1.17Â±1.350.046 Â±0.0210.90 Â±0.92(0.04
â€”4.92) (0.002â€”0.072) (0.08â€”5.11)(0.003 â€”0.094)(0 â€”3)Values

areexpressedasmeanÂ±SDandrange.%ID= percentinjecteddose.*Medical
InternalRadiationDosemass.tPatient-specific

CTmass(volume).fPatient-specific
CTorcalipermass(volume).

TABLE2
Tissue Uptake (Immediate and Peak) of 67Cu-2IT-BAT-Lym-1in 11 Patients

for imaging and radiation dosimetry. The decay characteris
tics of 67Cu also permit doses of radioactivity more than 10
times greater than those of 131!for equivalent radiation safety
requirements. Hospitalization of patients for doses of 67Cu
up to 14.4 GBq (390 mCi) is not required (39). Copper has
no known biochemical pathways leading to the skeleton or
bone marrow that can increase myelotoxicity. In common
with other radiometals, immunoconjugates labeled with
67Cu have a longer residence time and greater uptake in
tumorsthantheirradioiodinatedcounterparts(40). Wessels
and Rogus (41) concurred that 67Cu was among the most
promising radionuclides for RIT when dosimetry for large
tumors was considered.

Early investigations of acyclic chelates of 67Cu produced
stable radioimmunoconjugates in vitro but not in vivo (42).
The macrocyclic chelating agent TETA was designed to
prepare stable radioimmunoconjugates of copper (18). The

FIGURE4. Tumoruptakeafterinfusionof163MBq(4.4mCi)
67Cu-2lT-BAT-Lym-1ina representativepatientreachedquantita
tive maximum at 2 d and clearance was minimal thereafter.
%ID = percentage injected dose.

radioimmunoconjugate 67Cu-21T-BAT-Lym-1 was shown to
be stable in serum (19). In subsequent pharmaceutical
development, 67Cu-2IT-BAT-Lym-1 of high specific activity
was consistently prepared in product yields of 90%, compa
rable to iodination (21). 67Cu-21T-BAT-Lym-1 was found to
be efficacious in nude mice bearing human Burkitt's lym
phoma (Raji) xenografts (21).

The promising characteristics and preclinical results for
67Cu were substantiated by the current study. 67Cu-2IT-BAT
Lym-! provided very good images with high photon densi
ties in short intervals of time. Tumors had high uptake and
long residence of 67Cu, leading to radiation doses several
timesgreaterthanthoseobservedfor â€˜311-Lym-1.Exceptfor
the liver, normal tissues including the bone marrow received
much less radiation than tumors. Consequently, the therapeu
tic index for tumor to marrow or body was very high. The
favorable therapeutic index of 67Cu-21T-BAT-Lym-1 was
demonstrated by remarkable tumor regressions observed
after imaging doses that had little toxicity. The development
of antibodiestoTETA wasnota problemin thisstudy,nor
was it a problem in a larger population analyzed specifically
for HABAT (26). The uptake and retention of 67Cu-21T-BAT
Lym-l in the liver was relatively high, as is characteristic of
metallic radioimmunoconjugates (43). Recent innovations
in conjugation chemistry may alleviate this problem (44).

The flat slow phase of blood clearance of 67Cu suggested
transfer to another protein. Molecular sieving HPLC of
serum did not indicate the transfer of 67Cu to proteins of
different size than Lym-l (mol wt 150 kD) but did not
exclude transfer to proteins of similar size. The liver stores
copper bound to metallothionein, excretes most as an
insoluble form of copper to bile for elimination in feces or
incorporates it into ceruloplasmin (mol wt 150 kD) that is
secreted into the blood (1 7); therefore, 67Cu-ceruloplasmin
is a possible source of the flattening of the second phase of
the blood clearance curve.

02

0 â€¢ .@

0 1 2 3 4

Time (days)
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Patient Body Marrow* Liver Spleen Left lung Right lung Left kidney Right kidney Tumors (n)

Patient Body LiverSpleenLeft lungRight lungLeft kidneyRight kidneyTumors(n)1

0.1 2.00.60.40.50.40.44.8, 5.4(2)2
0.1 2.41.40.50.50.70.82.8â€”5.1(3)3
0.1 1.30.60.40.41 .10.91 .2, 1.8(2)4
0.2 1.51 .40.60.60.40.40.3â€”2.1(3)5
0.1 1.41 .70.20.20.40.50.3, 0.6(2)6
0.1 1.20.90.30.40.30.32.1â€”3.4(3)7
0.1 1.41 .2*0.4*@3, 4@4(2)8
0.1 1.5t0.50.60.70.83.4(1)9
0.1 2.50.30.60.70.40.41 .7â€”3.7(4)1

0 0.1 1.2t0.50.50.80.82.3, 3.4(2)11
0.1 1.31.10.60.60.60.60.8â€”2.2(4)Mean
0.1 1.61.00.50.50.60.62.4SD
0.030.50.40.10.10.20.21.5Range

0.1â€”0.21.2â€”2.50.3â€”1.70.2â€”0.60.2â€”0.70.3â€”1.10.3â€”0.90.3â€”5.4*Computer

datafilescorrupted.tSplenectomy.1

mGyIMBq = 3.7 rads/mCi.

TABLE3
Pharmacokinetics(BiologicalHalf-Timein Days) DeterminedUsingMonoexponentialAnalysisof Data Obtained

After Infusion of 67Cu-2lT-BAT-Lym-1

16.0tt5.42.42.64.53.811.2, 12.1(2)26.32.010.02.93.03.24.54.73.2â€”4.5
(3)311.09.115.03.62.83.15.613.68.3,

8.7(2)416.03.817.03.34.25.16.07.54.6â€”16.4(3)57.42.69.02.53.33.16.06.49.3,

11.3(2)67.44.7t4.05.16.77.38.26.4,
8.2(2)71

1.0:1:9.02.5$14.42.8,3.9(2)814.02.414.0Â§4.14.94.15.63.7(1)910.02.09.03.34.44.56.47.26.6â€”14.3(4)1013.02.415.3Â§3.23.35.74.25.2,

9.8(2)1112.21.77.73.03.53.55.67.76.8â€”18.0
(4)Mean10.43.411
.83.43.64.05.56.98.611SD3.22.23.30.90.81

.20.92.74.2
Range 6.0â€”16.0 1.7â€”9.1 7.7â€”17.0 2.5â€”5.4 2.4â€”5.1 2.6â€”6.7 4.1â€”7.3 3.8â€”13.6 2.8â€”18.0

*Marrowradiationdose determinedby imagingthree lumbarvertebrae.Nonpenetrating67Curadiationfromthe marrowto marrowwas
calculated.

tUse of monoexponentialfit wasnotappropriate.
IComputerdatafilescorrupted.
Â§Splenectomy.
IlPatient6 had one tumor with increasing uptake throughoutthe study.The biological half-time ofthattumor (â€”16.0 d) was not used in the

cumulative statistics.
1mGyIMBq= 3.7rads/mCi.

Like 67Cu, @Â°Yis an attractive radionuclide for RIT
because outpatient treatment is possible and tumor residence
time is longer than that for corresponding â€˜311-labeled
MoAbs. â€œInis usually used as a surrogate for @Â°Yfor
imaging and dosimetry and this creates some uncertainty.
Vriesendorp et al. (8) treated Hodgkin's disease with @Â°Y
antiferritin, and Parker et al. (5) first reported the use of
@Â°Y-labeledanti-idiotypic MoAb for RIT of B-cell lym

phoma. Using @Â°Y-labeledanti-idiotype or anti-CD2O MoAb,

White et al. (45) and Knox et al. (7) achieved therapeutic
responsesin patientswith advancedB-cell lymphoma.In
these trials, preadministration of large amounts of unlabeled
MoAb was required to visualize tumors and to improve radiation

dosimetry, which then provided tumor-to-normal tissue indices
similar to those observed for 67Cu-21T-BAT-Lym-1.

Because 67Cu is a novel radionuclide under development,
availability has sometimes been a problem. 67Cu for this
study was produced by high-energy spallation reactions in

TABLE4
Tissue Radiation Doses (mGy/MBq) from 67Cu-BAT-Lym-1by Imaging
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Blood toTotalbodyMarrowMarrowmarrowto
marrowdose, blooddose,lumbarPatient

dosedoseand body*imagingt

TABLE5
Marrow Radiation (mGy/MBq) Obtained by Two Methods:

ContributionsfromBloodandTotalBodyRadiation
and from Lumbar Imaging

2. DeNardoGL, DeNardoSJ,GoldsteinDS,Ctal. Maximumtolerateddose,toxicity.
and efficacy of â€˜31I-Lym-lantibody for fractionated radloimmunotherapy of

non-Hodgkin's lymphoma. J Clin Oncol. 1998;16:3246â€”3256.
3. Press OW, Eary iF, Appelbaum FR, et al. Phase II trial of â€˜31I-BI (anti-CD2O)

antibody therapy with autologous stem cell transplantation for relapsed B cell
lymphomas. Lance:. l995;346:336â€”340.

4. Kaminski MS. Z.asadnyKR, Francis IR, Ct al. Iodine-131-anti-Bl radioimmuno
therapy for B-cell lymphoma. J Clin Oncol. 1996; 14:1974â€”1981.

5. Parker BA, Vassos AB, Halpem SE, et al. Radioimmunotherapy of human B-cell

lymphoma with Y-90-conjugated antiidiotype monoclonal antibody. Cancer Res.
l990;5O: 1022â€”1028.

6. Goldenberg DM, Horowitz JA, Sharkey RM, Ct al. Targeting, dosimetry, and

radioimmunotherapy of B-cell lymphomas with iodine-131-labeled LL2 monoclo

nal antibody. J Clin Oncol. 1991;9:548â€”564.

7. Knox Si, Goris ML Trisler K, et al. Yttrium-90-labeled anti-CD2O monoclonal
antibody therapy of recurrent B-cell lymphoma. Clin Cancer Res. 1996;2:457â€”
470.

8. Vnesendorp HM, Herpst JM, Germack MA, et al. Phase I-Il studies of
yttrium-labeled antiferritin treatment for end-stage Hodgkin's disease, including

radiation therapy oncology group 87â€”01. J Clin Oncol. 1991 ;9:91 8â€”928.
9. Scheinberg DA, Lovett D, Divgi CR, et al. A phase I trial of monoclonal antibody

M 195 in acute myelogenous leukemia: specific bone marrow targeting and
internalization of radionuclide. J Clin Oncol. 1991;9:478â€”490.

10. DeNardo GL, Lewis JP, DeNardo Si, O'Grady LF. Effect ofLym-1 radioimmuno
conjugate on refractory chronic lymphocytic leukemia. Cancer. l994;73:1425â€”
1432.

I I. DeNardo GL DeNardo Si, O'Grady LF, Levy NB, Adams GP, Mills SL.
Fractionated radioimmunotherapy of B-cell malignancies with â€˜31l-Lym-1.Can
cer Res. l990;50(suppl): 1014â€”1016.

12. DeNardo GL, Lambom KR, Goldstein D5, Kroger LA, DeNardo Si. Increased
survival associated with radiolabeled Lym-l therapy for non-Hodgkin's lym
phoma (NHL) and chronic lymphocytic leukemia (CLL). Cancer. l997;80(suppl):
2706â€”2711.

13. Mausner LF, Srivastava SC. Selection of radionuclides for radioimmunotherapy.
MedPhys.1993;20:503â€”509.

14. Manes Mi, Griffiths GL Dm1 H, Goldenberg DM, Ong GL Shih LB. Processing
of antibody-radioisotope conjugates after binding to the surface of tumor cells.
Cancer. 1994;73(suppl):787â€”793.

15. DeNardo GL, DeNardo Si. Perspectives on the future of radioimmunodiagnosis
and radioimmunotherapy of cancer. In: Burchiel SW, Rhodes BA, eds. Radioim

mwwimaging and Radioinununotherapy.New York, NY: Elsevier Science;
1983:41â€”62.

16. Jungerman iA, Yu KH, Zanelli CI. Radiation absorbed dose estimates at the
cellular level for some electron-emitting radionuclides for radioimmunotherapy.

In:JAppi Radia: isot. 1984;35:883â€”888.
17. Linder MC, Hazegh-Azam M. Copper biochemistry and molecular biology. Ant J

Clin Nuir. 1996;63:797Sâ€”8115.
18. Moi MK, Meares CF. McCall Mi, Cole WC, DeNardo Si. Copper chelates as

probes of biological systems: stable copper complexes with a macrocyclic

bifunctional chelating agent. Anal Biochem. l985;148:249â€”253.
19. Kukis DL, Diril H, Greiner DP, et al. A comparative study of copper-67

radiolabeling and kinetic stabilities of antibody-macrocycle chelate conjugates.
Cancer. 1994;73(suppl):779â€”786.

20. Kukis DL, DeNardo GL, DeNardo Si, et al. Effect of the extent of chelate

substitution on the immunoreactivity and biodistribution of 21T-BAT-Lym-l
immunoconjugates. Cancer Res. 1995;55:878â€”884.

21. DeNardo GL, Kukis DL, Shen 5, et al. Efficacy and toxicity of 67Cu-21T-BAT
Lym-l radioimmunoconjugate in mice implanted with Burkitt's lymphoma (Raji).
Clin CancerRes. 1997;3:71â€”79.

22. Rose LM, Gunasekera AH, DeNardo SJ, DeNardo GL, Meares CF. Lymphoma
selective antibody Lym-1 recognizes a discontinuous epitope on the light chain of
HLA-DR 10. Cancer Immunol Inununother. l996;43:26-30.

23. Epstein AL, Marder Ri, Winter IN, et al. Two new monoclonal antibodies, Lym-l
and Lym-2, reactive with human-B-lymphocytes and derived tumors, with
immunodiagnostic and immunotherapeutic potential. Cancer Res. 1987;47:830â€”
840.

24. Hu E, Epstein AL, Naeve GS, et al. A phase Ia clinical trial of Lym-l monoclonal
antibody serotherapy in patients with refractory B cell malignancies. Hematol
Oncol. I989;7: 155â€”166.

25. DeNardo GL, DeNardo Si, Meares CF. Ct al. Pharmacokinetics of copper-67
conjugated Lym-1 , a potential therapeutic radioimmunoconjugate. in mice and
patients with lymphoma. Antibody lmmunoconj Radiophar. 199l;4:777â€”785.

26. DeNardo GL, Mirick GR, Kroger LA, O'Donnell RT, Meares CF. DeNardo Si.
Antibody responses to macrocycles in lymphoma.J NuciMed. 1996;37:451â€”456.

10.130.020.150.0720.070.020.090.1930.060.020.080.2740.050.030.080.2650.030.020.050.0760.060.030.090.1570.050.020.07j80.040.020.060.3690.030.020.050.10100.070.020.090.14110.040.020.060.05Mean0.060.020.080.17SD0.030.000.030.10Range0.03â€”0.130.02â€”0.030.05â€”0.150.05â€”0.36

*Contributedby bloodnonpenetratingandtotalbodypenetrating
67Curadiation.

tMarrow radiationdose determinedby imagingthree lumbar
vertebrae.Nonpenetrating67Curadiationfromthemarrowto marrow
wascalculated.

4Computer data files corrupted.
1mGy/MBq= 3.7rads/mCi.

the Brookhaven Linac Isotope Producer at Brookhaven
National Laboratory (46) and the Los Alamos Meson Physics
Facility at Los Alamos National Laboratory and could be made
continuously available by these institutions. The fast neutron
reaction on enriched 67@@ be used to fill in the gaps in the
operating schedules ofthe large accelerators (13). Simply stated,
multicurie production is possible on existing accelerators and
reactors (47).

CONCLUSION

The high therapeutic ratios and remarkable tumor regressions
observed after imaging doses indicate considerable therapeutic
potential for 67Cuin R1T. Highly efficient methods for prepara
tion ofthis radiopharmaceutical have been established. Similarly,
itispossibletomakeabundantamountsofpure67Qiavailableon
a continuous basis.
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